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ABSTRACT 

The incidence of obesity and type 2 diabetes mellitus (T2DM) has risen to epidemic proportions. The pathophysiology of T2DIVI is complex and 
involves insulin resistance, pancreatic P-cell dysfunction and visceral adiposity. It has been known for decades that a disruption of biological 
rhythms (which happens the most profoundly with shift work) increases the risk of developing obesity and J2DM. Recent evidence from basal 
studies has further sparked interest in the involvement of daily rhythms (and their disruption) in the development of obesity and T2DM. Most 
living organisms have molecular clocks in almost every tissue, which govern rhythmicity in many domains of physiology, such as rest/activity 
rhythms, feeding/fasting rhythms, and hormonal secretion. Here we present the latest research describing the specific role played by the 
molecular clock mechanism in the control of glucose metabolism and speculate on how disruption of these tissue clocks may lead to the 
disturbances in glucose homeostasis. 

© 2014 The Authore. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.0rg/licenses/by-nc-nd/3.0/). 
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1. DAILY RHYTHMS 

In most organisms each day is organized into two phases: one char- 
acterized by activity and feeding and one by rest and fasting. Nutrients 
ingested during the active period provide substrates such as glucose, 
lipids and amino acids, which fuel the metabolic pathways in our cells, 
whereas during the resting period energy and substrates stored in our 
body are mobilized to sustain metabolic homeostasis [1]. The hypo- 
thalamus controls a vast array of these alternating behavioral and 
physiological processes, including food and water intake, but also sleep 
and arousal, thermoregulation, and energy expenditure. The activity/ 
feeding and resting/fasting periods are defined by a molecular mech- 
anism in the central clock that is located in the suprachiasmatic nuclei 
(SCN) of the hypothalamus and generate a rhythm of approximately 24- 
h (hence 'circadian'). Lesions of the SCN cause a loss of all circadian 
rhythms, including those in locomotor, feeding and drinking activity [2]. 
The molecular mechanism governing circadian rhythmicity is based on 
a complex program of gene expression. A number of interlocked 
transcriptional and post-translational negative feedback loops are 
responsible for the generation and maintenance of circadian rhythms. 
CLOCK and BMAL1 are transcription factors that act as positive reg- 
ulators of circadian gene expression and activate the expression of the 
negative regulators of circadian gene expression: cryptochrome (CRY1 
and CRY2} and period (PERI, PER2, PER3) families. CRY and PER 
proteins feedback and inhibit their own expression as well as the 
expression of other clock-controlled genes (CCGs) [3]. REV-ERBa, a 
nuclear receptor that regulates lipid metabolism and adipogenesis, is 
regulated by the circadian clock and represses Bmall expression, 
thereby providing additional robustness to these circadian oscillations. 
To start a new transcriptional cycle, the CLOCK— BMAL1 complex is 
de-repressed through the proteolytic degradation of PER and CRY. This 



molecular machinery is capable of generating rhythmic patterns of 
gene expression with a period length of about 24 h (Figure 1). 
The transcriptional output time of the molecular clock in the SCN is set 
to exactly 24-h by retinal light input, the most important timing cue 
(Zeitgeber) to synchronize this central clock with the environment [4]. 
Until 1 998 it was thought that circadian rhythms in the periphery were 
driven directly by SCN outputs or indirectly via SCN-driven rhythmic 
behavior. However, in that year Balsalobre et al. [5] showed that a 
serum shock could induce rhythmic gene expression in cultured 
mammalian cells and it emerged that (almost) all cells in the body 
express the molecular machinery for the circadian clock. A few years 
later it became clear that the feeding/fasting cycle is the main Zeit- 
geber in terms of the synchronization of these so-called peripheral 
clocks [6]. Indeed, it was shown that rhythmic feeding is both 
necessary and sufficient to drive the circadian expression of liver genes 
[7,8] and that by restricting food intake to the rest phase (i.e., the light 
period for nocturnal animals) it is possible to set the peripheral clocks 
and the central SCN clock to two different time zones, 12-h apart. 
Blood glucose homeostasis can be seen as a paradigm of the circadian 
control of energy metabolism. Indeed, whereas during the activity/ 
feeding period blood glucose is mainly of dietary origin, during the 
resting/starvation period glucose is progressively recruited from 
endogenous glucose production in the liver to maintain blood glucose 
levels within a relatively narrow range. In this process liver glycogen 
content undergoes large daily fluctuations to sustain blood glucose 
levels, as glycogen synthesis and degradation are specifically recruited 
during the activity/feeding and resting/starvation periods, respectively 
[9,10]. As will become clear, daily blood glucose homeostasis also 
involves control by the hypothalamic clock in the SCN as well as by 
peripheral clocks in, for instance, liver, pancreas, muscle and white 
adipose tissue. 
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Figure 1: Simplified version of file moiecuiar core clock meciianism, Tlie core ioop is formed 
by Cioci<:Bmal1 and Period 1-3 (Perl -3) and Cryploclirome 1 and 2 (Cry1-2), Tlie 
Clocl<;Bmai1 iieterodimer sfimulafes flie transcripfion of Perl— 3 and Cryl— 2. Subsequenfiy, 
Per's and Cry's heferodimerize, franslocafe fo fhe nucieus, and inhibif Clocl<:Bmai1 acfivify. As a 
consequence, Ciocl<:Bmal1 franscripfionai activify drops, which reduces the transcripfion of Per 
and Cry genes, thereby activating Clock:Bmai1 again. Additionai ioops formed by RevErbs and 
RORs enhance fhe robustness ot tlie core ioop. Post-translationai modifications of the clock 
proteins such as phosphoryiation, ubiquitination and sumoyiation greatly determine their stabiiif/ 
and degradation, vi/hich plays a critical roie in circadian cycie progression and setting the clock 
period. For ciarity these posttranscripfional regulatory events have been ieft out of the figure. The 
feedback ioops of the core clock can also regulate wideiy different phases of genes encoding 
regulafofv components of energy mefaboilsm, by binding fo the appropriate promoter eiements. 
On fhe other hand, changes in energy status have an impact on fhe molecular clock mechanism 
AMPK phoshoryiates Cryl and thereby targets it tor degradation. SIRT1 deacetylates, amongst 
others, Bmail and Per2, thereby decreasing the halt-lite of Per2. 
Adapted from Ret. [110]. 

2. CLOCK GENE KNOCK-OUTS 

The awareness of a daily variation in glucose homeostasis dates back 
to the early seventies [9,11], but a full-blown realization of the 
importance of the circadian timing system for glucose homeostasis 
only became apparent when Turek et al. [1 2] described a pronounced 
metabolic phenotype in C/oc/c mutant mice. Not only did these animals 
show severely disturbed daily feeding rhythms, they were also hy- 
perphagic, obese, hyperleptinemic, hyperlipidemic, hyperglycemic and 
hypoinsulinemic. However, different results have been reported in 
other Clock mutant mouse models as also lack of obesity or even 
weight loss, despite lipid imbalance, has been reported suggesting the 
importance of the genetic background when analyzing the metabolic 
effects of the Clock Qene [1 3-1 6]. In later years differential metabolic 
phenotypes were observed in various other core clock gene mutant 
mice. For instance, whole-body knockout (KO) mice of Bmal1 show 
fasting hypoglycemia, reduced plasma insulin levels, increased 
adiposity [16-18]. Both Clock mutant and Bmal1 KO mice exhibit 
delayed recovery from insulin-induced hypoglycemia, impaired 
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glucose tolerance and blunted insulin sensitivity. Indeed in Clock 
mutant mice the circadian oscillation of both the hepatic glycogen 
content and the circadian mRNA and protein expression of glycogen 
synthase 2 (a rate-limiting enzyme of glycogenosis in the liver) was 
severely dampened [19]. Per2 mutant mice show reduced fasting 
glycemia, a loss of rhythmic glycogen accumulation in the liver, 
elevated plasma insulin levels and impaired gluconeogenesis [20-22], 
as well as a reduction in fat pad mass and plasma lipid levels [23]. 
Per2 null mice exhibit no glucocorticoid oscillations, indicating that 
PER2 may also impact glucocorticoid receptor (GR)-dependent glucose 
metabolism [24,25]. Glucose homeostasis is also severely disrupted in 
Cry-deficient mice. Cry1~'~fCry2~'~ (double KO) mice exhibit elevated 
blood glucose in response to acute feeding after an overnight fast and 
severely impaired glucose clearance in a glucose tolerance test. Even 
mice lacking either Cryl (cry1~'~) or Cry2 (cry2r'~) were significantly 
impaired in their ability to restore normal blood glucose following a 
glucose injection. In contrast. Cry-deficient animals were normally 
responsive to insulin [26]. The impaired glucose tolerance became 
especially apparent when the animals were on a high-fat diet. Despite 
being hypophagic on the high-fat diet the dKO animals become obese 
rapidly, probably because of an increased insulin release and lipid 
storage [28]. Rev-erba directly regulates the expression of multiple 
gluconeogenic enzymes in liver, including glucose-6-phosphatase and 
phosphoenolpyruvate [27]. Indeed, Rev-erba~'~ mice displayed 
increased adiposity and mild hyperglycemia, but without insulin 
resistance. Rev-erba~'~ mice seem to favor fatty acid oxidation at the 
expense of glycogen utilization [29]. An overview of the metabolic 
disturbances reported for the different global clock gene KOs is pre- 
sented in Table 1. 

As noted above the metabolic disturbances observed in clock mutants 
much depend on their genetic background. In fact, the majority of null 
mutations in the circadian clock components are associated with 
leanness, despite normophagia or hyperphagia, indicating that global 
clock gene disruption affects energy metabolism in a complex manner. 
Moreover, in addition to clock gene mutations clock gene expression 
and thereby energy metabolism may be disturbed in many other ways. 
The p75 neurotrophin receptor (p75'^™) is a member of the tumor 
necrosis factor receptor superfamily with a widespread pattern of 
expression in tissues, including brain, liver, lung and muscle. p75'^^'^ is 
an oscillating gene regulated by the CL0CK/BMAL1 heterodimer. Loss 
of p75'^^'^ alters the circadian oscillation of clock genes in the SCN, 
liver and fibroblasts, as well as glucose and lipid homeostasis genes 
[30]. Indeed, p75'^^'^ KO-mice show an increased insulin sensitivity 
[31]. However, it is not clear yet whether this is due to changes in the 
central clock or due to changes in peripheral clocks. Interestingly, the 
p75'^^'' is also highly expressed in sensory and sympathetic neurons 
[32]. 

Inhibitor of DNA binding 2 (ID2) is a helix-loop-helix transcriptional 
repressor that interacts with CLOCK and BMAL1 and is rhythmically 
expressed in many tissues. LD2 KO mice not only show increased 
light-induced phase-shifts [33], but also increased glucose tolerance 
and insulin sensitivity [34]. Fluorodeoxyglucose-positron emission to- 
mography (FDG-PET) analysis revealed increased glucose uptake by 
skeletal muscle and brown adipose tissue in the LD2 KO mice [34]. 
Even a high-fat diet may alter the function of the circadian clock, with 
an altered period of the locomotor activity rhythm and changes in the 
rhythms of the core clock genes in adipose and liver tissue [35— 
40,49]. It has therefore been hypothesized that a high-fat diet may 
contribute to the development of obesity and insulin resistance also via 
alterations in circadian rhythmicity. Although the exact mechanism via 
which a high-fat diet affects the circadian system has not been 
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Table 1: Metabolic changes in wliole body clocl< gene l<nock-outs. 

Changes indicated represent changes in basai piasma concentrations as obsen/ed in animais on normai chow. 



elucidated yet, it is obvious that changes in food intake will influence 
the cellular energy status. Indeed, activation of adenosine 
monophosphate-activated protein kinase (AMPK), a sensor of low 
intracellular energy and nutrient state, leads to altered circadian 
rhythms by destabilizing the negative limb of the circadian clock 
[41 ,42]. Cyclic adenosine monophosphate (cAMP) is a further example 
of an acute signaling pathway that is tightly intertwined with the core 
clock. In a series of elegant experiments, O'Neill et al. [43] showed that 
cAMP is not solely an output of the SCN, but an integral component of 
the SCN pacemaker, regulating transcriptional cycles. The cellular 
energy status also influences the redox state, implying that also via this 
pathway food intake might be able to entrain the circadian system. 
Indeed, in vitro experiments have shown that the redox state of NAD 
can regulate DNA binding activity of the CL0CK:BMAL1 heterodimer. 
Interestingly, in vivo NAD levels are subjected to daily variations, 
thereby giving rhythmic input to the genetic clock [44-46], but there 
are also several indirect pathways via which the redox state can be 
linked to the clock [46]. For instance, the enzymes silent information 
regulator protein (SIRT) and poly (ADP-ribose) polymerase 1 (PARP-1) 
are both NAD-dependent enzymes. SIRT is expressed rhythmically and 
interacts with CL0CK:BIVIAL1 heterodimers, leading to rhythmic 
deacetylation of CL0CK:BMAL1, histone H3, and PER2 [47]. When 
subjected to daytime feeding the liver of Parp-1 KG mice showed a 
significantly delayed phase inversion of clock gene expression, when 
compared with wild type mice, suggesting that PARP-1 activity is 
indeed implicated in the phase entrainment of peripheral oscillators 
[48]. 

The results of all these whole-body KG studies clearly emphasized the 
importance of the molecular clock mechanism for glucose homeo- 
stasis. However, they provided little further understanding as to which 
part of the circadian timing mechanism and which aspects of the 
glucose regulatory system were affected and responsible for the 
observed metabolic phenotypes. Although SCN-lesion studies did 
support the observations from the KG studies [40,49], for the current 
subject a brain-specific KG is of little added value, contrary to other 
molecular mechanisms, since both SCN-lesions and a genetic elimi- 
nation of the central clock will also result in a desynchronization of the 
peripheral clock systems. Clearly, additional studies, involving 



amongst others the central clock in the SCN and tissue-specific KG 
models, were urgently needed to elucidate further the multifaceted role 
of the circadian clock system in whole-body glucose metabolism. 

3. THE HYPOTHALAMIC CLOCK 

The hypothalamus controls a vast array of physiological processes, 
including sleep/wake cycles, sexual behavior and reproduction, and 
metabolic control such as thermoregulation, energy intake/expendi- 
ture, glucose metabolism, lipid metabolism, and food and water 
intake. All these functions follow circadian rhythms. In addition to the 
SCN, the hypothalamus is made up of several other interconnected 
nuclei, including the arcuate nucleus (ARC), ventromedial hypothala- 
mus (VMH), lateral hypothalamus (LH), dorsomedial hypothalamus 
(DMH) and paraventricular nucleus (PVN). The hypothalamus senses 
nutrients such as glucose and lipids [50,51] and via a specialized area 
of the blood brain barrier (BBB) in the ARC it also detects circulating 
metabolic hormones such as leptin, insulin, thyroid hormone, adipo- 
nectin and ghrelin [52], produced in peripheral glands and tissues 
including the intestine, pancreas, stomach and adipose tissue. This 
specialized area of the BBB is called a circumventricular organ, an 
area in which blood to brain transport is facilitated through regulated 
exchanges. 

The first evidence that the SCN are involved in the daily rhythm in 
glucose metabolism came from the work of Nagai and Nakagawa, who 
showed that SCN lesions abolished the daily rhythms in plasma con- 
centrations of glucose and insulin [53] and revealed the existence of a 
pronounced day/night difference in the response to 2-deoxy glucose, a 
glucose-utilization inhibitor [54]. SCN-lesioned rats, however, do not 
have a rhythm in food intake either [55]. Therefore, an indirect effect of 
the lack of a feeding rhythm on glucose metabolism could not be 
excluded, as restricted feeding during the daytime will induce the 
glucose and insulin peak to shift to the daytime [56]. To test whether 
the SCN exerts a direct influence on glucose metabolism which is 
independent from its effect on feeding behavior, we performed a series 
of experiments using a 6-meals-a-day feeding schedule with an 
identical meal every 4 h, which effectively removes the pronounced 
day/night difference in food intake. 
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The first experiments with this scheduled feeding regimen in rats 
revealed a clear daily rhythm in meal-induced responses in glucose and 
insulin, i.e., similar meals resulted in larger glucose and insulin 
responses when consumed during the darl< period than when consumed 
during the light period (Figure 2; [57]). In addition, the daily rhythm 
in basal plasma glucose concentrations of the 6-meals-a-day fed ani- 
mals nicely resembled the daily rhythm - a daily rise at the time of 
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awakening — observed in animals fed ad libitum, which clearly suggests 
a direct influence of the SCN on plasma glucose concentrations, inde- 
pendent of the feeding rhythm [58]. Another argument in favor of a direct 
influence of the SCN on glucose metabolism, independent of its effect on 
feeding behavior, was the fact that the rhythmicity was maintained in 
plasma glucose concentrations during fasting. On the other hand, we did 
not find an obvious and direct influence of the SCN on basal plasma 
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Figure 2: (upper part): Plasma insulin and blood glucose responses after meal ingestion during the liglit period and dark period in animais on a reguiar teeding regimen of 6-meals-a-day, Before 
sampling animals had been on this regimen for 2-3 weeks. Boxes Indicate meals. Despite similar meals (3.1 ± 03 g) and comparable glucose increments Insulin responses significantly differ 
depending on the time of day. (lower part): Plasma glucose and Insulin responses after the intravenous injection of a glucose bolus (500 mg/kg BW) at different times of the light/dark cycle. The 
maximal glucose increment at CT14 was significantly lower than the ones at the other 5-time points. On the other hand, the total amount of insulin released did not differ between the different (me 
points. Responses are expressed as the difference from the respective f = 0 values. Black bars indicates meals In the dark period. T\ = Zeitgeber Time: TJI 2 being defined as the onset of the dark 
period. Adapted from Ret. b/] (upper figure) and Ret. [60] (lower figure). 
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insulin or glucagon concentrations [58,59]. Clearly, feeding behavior 
and/or glucose concentrations are more important to set basal insulin 
and glucagon secretion than a direct SCN input. 
The daily rise in plasma glucose concentrations at awakening could 
either result from a decrease in glucose uptake or from an increase in 
glucose output. Glucose uptake did indeed show a clear 24-h rhythm, 
but, surprisingly, with the highest uptake at the end of the light period 
(Figure 2; [60]). A similar situation occurs in humans; before waking, 
glucose production and glucose concentrations are increased while at 
the same time glucose utilization is high [61]. Consequently, the in- 
crease in plasma glucose concentrations before the onset of activity is 
due to increased glucose production and not the result of a decreased 
glucose utilization. It is obvious that the simultaneous rise in plasma 
glucose concentrations and glucose uptake can only occur when the 
glucose output to the general circulation is such that it compensates 
for the increased glucose uptake. 

The liver is the main source of endogenous glucose. Interestingly, our 
anatomical tracing experiments revealed synaptic connections be- 
tween the SCN and the liver, via the autonomic nervous system (ANS) 
[62,63]. The involvement of the ANS in SCN-driven changes in glucose 
metabolism was first suggested by Nagai and colleagues. They showed 
that electrical stimulation of the SCN resulted in hyperglycaemia, an 
effect that could be prevented by blocking ANS activity by means of 
(i.p.) administration of a and [5-adrenergic blockers [64,65]. Admin- 
istering an adrenergic blocker i.p., however, has differential effects in 
many organs and more recent experiments therefore used hepatic 
sympathetic denervations to determine the role of autonomic inner- 
vation of the liver for the generation of the daily rhythm in plasma 
glucose concentrations. From these studies it became clear that the 
SCN does indeed need an intact sympathetic innervation of the liver to 
generate a daily rhythm in plasma glucose concentrations [63,66]. 
The SCN does not directly innervate autonomic motor neurons, but 
transmits its signal to other areas within the hypothalamus. The PVN is 
the most important target area for the SCN to affect autonomic signaling 
to peripheral organs [67] as it has extensive projections to sympathetic 
and parasympathetic motor neurons in the spinal cord and in the 
brainstem, respectively [68-71]. The functional importance of this 
SCN— PVN connection in controlling plasma glucose concentrations 
was revealed by introducing different SCN transmitter agonists and 
antagonists into the vicinity of the PVN [63]. The most pronounced ef- 
fects on plasma glucose concentrations were observed after the 
administration of either bicuculline (BIC; a GABA-A antagonist) or NMDA 
(an agonist of glutamatergic receptors) into the PVN, both resulting in a 
prolonged and significant increase in plasma glucose concentrations. 
These drugs also increased plasma glucagon concentrations (which 
may stimulate glucose output) but did not affect plasma insulin con- 
centrations in any significant way. Blockade of GABA-ergic receptors 
also resulted in increased plasma concentrations of corticosterone, 
which — like glucagon — is known to increase gluconeogenesis. 
Stimulating the glutamate receptors, however, did not. These data 
indicate that it is unlikely that the hyperglycemia induced by stimulating 
PVN neurons is a result of changes in either insulin or corticosterone 
release, although increased glucagon release could be a causative 
factor. Later experiments showed that prior selective denervation of the 
sympathetic, but not the parasympathetic, autonomic input to the liver 
completely prevented the hyperglycemic effects of both BIC and NMDA 
[63]. The hyperglycemic effects disappeared in the sympathetic 
denervated animals, notwithstanding pronounced increases of plasma 
concentrations of glucagon and corticosterone. Together, these func- 
tional studies demonstrate that stimulating neuronal activity in the PVN 
results in hyperglycemia through activating sympathetic input to the 



liver. Repeating the above experiments at different times of the day and 
in SCN-lesioned animals confirmed the SCN as the major site of origin 
for the GABA and glutamatergic inputs to the PVN with respect to the 
control of glucose homeostasis [72]. 

Another target area of the SCN is the perifornical area (PF) [73,74]. 
Follow-up studies using a stable glucose isotope to quantify hepatic 
glucose production showed that this was the most effective area for 
increasing hepatic glucose production [75]. The PF contains a major 
part of the hypothalamic population of orexin-containing neurons. 
Nowadays, the neuropeptide orexin (also known as hypocretin) is best 
known for its involvement in sleep and arousal (i.e., a lack of orexin 
causes narcolepsy), but as can be inferred from its name it is also 
involved in food intake and energy metabolism. The hypothalamic 
orexin system shows a pronounced day/night rhythm, with peak ac- 
tivity during the waking period in both nocturnal and diurnal species 
[76,77]. The daily rhythm in the activity of orexin neurons seems to be 
controlled primarily via an inhibitory GABAergic input [78]. Thus we 
hypothesized - and were able to show - that an increased activity of 
the orexin neurons at the end of the sleep period, due to a withdrawal 
of the GABAergic SCN inhibition, will not only result in arousal but also 
in an increased hepatic glucose production (Figure 3; [75]). In fact, by 
virtue of its stimulatory effect on the sympathetic branch of the ANS the 
increased activity of the orexin system at arousal may also adapt other 
physiological parameters, such as heart rate, body temperature and 
glucose uptake, to the waking state [79]. 
In conclusion, the central biological clock seems to affect all aspects of 
glucose homeostasis, including glucose production, glucose uptake, 
and insulin release and insulin sensitivity. However, from the above 
studies it has not become clear yet if, and if so, how these central 
timing mechanisms might be involved in the current increased pro- 
pensity of type 2 diabetes and obesity. 

4. THE LIVER CLOCK 

The liver plays a pivotal role in maintaining optimum glucose levels by 
balancing glucose entry into and out of the circulation. From a hypo- 
thalamic and chronobiological point of view, glucose production by the 
liver is especially interesting because of the clear involvement of both 
the sympathetic and parasympathetic input to the liver in glucose 
metabolism [81-83] and the strong circadian control of (glucose) 
metabolism in the liver [84-86]. As mentioned before, it has been 
shown that restricted feeding shifts rhythmic patterns of clock genes in 
the liver and thus uncouples them from the central clock — where no 
changes in rhythmic patterns of clock genes are observed [6]. Over 350 
circadian transcripts have been identified in the liver, 1 0% of which, 
including the core gene Per2, maintain rhythmicity in the absence of a 
functional hepatocyte clock. This leaves room for a role for behavioral, 
hormonal and autonomic rhythms, in the regulation of liver gene 
expression rhythms [8]. However, although insulin has long been a 
suspect, concrete evidence is still lacking. Acute insulin injections do 
cause a phase-advance of the PER2 and REV-ERBa rhythms in the liver 
[87], and also other studies demonstrated a phase advance of the 
hepatic clock when insulin signaling may be affected [88,89], but liver 
clock gene oscillations are maintained in streptozotocin-induced dia- 
betic mice [90]. The same holds for glucocorticoids. A major part of the 
liver transcriptome is dependent on the adrenal hormones [91], and 
acute injections of glucocorticoids cause a shift in the expression 
pattern of hepatic clock genes. This shift is prevented by deletion of the 
GR in the liver [92]. In addition, glucocorticoid signaling is critical for 
maintaining fasting glucose by stimulating hepatic gluconeogenesis 
[93], and abnormal activation of the GR has been shown to contribute 
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Figure 3: Midsagittal view of the rat brain presenting ttie proposed invoivement ot orexin neurons in the control of the daiiy plasma glucose rhythm, (i) Orexin-containing neurons in the perifomical area 
(PF) are inneiA/ated by both giutamatergic and GABAergic projections from the biologicai ciocl< (SCN), During the main part of the light period, activation of the orexin neurons by the excitatory 
giutamatergic inputs is prevented by the simuitaneous release ot the inhibitor)' neurotransmitter GABA (the daiiy activit/ pattern ot these inputs is indicated by the lines in the yeilow/blue boxes aside the 
projections). The circadian withdrav*ai of the GABAergic input at the end of the light period aliov*s the orexin neurons to become active at the onset ot darkness, (11) Subseguentiy, the excitatory effect of 
orexin on the preganglionic neurons in the intermedloiateral column (IML) of the spinal cord will (iil) activate the sympathetic input to the liver and result In increased hepatic glucose production, Orexin 
also stimulates glucose uptake in skeletal muscle via an action in the VMM and mediated through the sympathetic nervous system jSOj; but, as it is not clear yet how this message Is propagated from 
the VMH to the autonomic nervous system, this action has not been incorporated in this schema. Possibly the effect ot orexin in the VMM on glucose uptake Is mediated via VMH projections to the pre- 
autonomlc neurons in the PVN. Moreover, also the effect ot orexin on hepatic glucose production might In tact In involve a projection ot the PF orexin neurons to the pre-autonomic neurons in the PVN, 
Instead of, or in addition to, the direct projection of the PF orexin neurons to the spinal cord as drawn In the figure. 
Adapted from Ret. [152]. 



to diabetic hyperglycemia [94]. However, the exact role of GR in 
mediating the circadian regulation of hepatic metabolism remains to be 
determined, as a GR-KO does not prevent the shift of hepatic clock 
genes upon restricted feeding [95]. Also, the role of the autonomic 
innervation is not clear yet; although both a sympathetic and a para- 
sympathetic hepatic denervation result in an abolition of the daily 
glucose rhythm, clock gene rhythms are only affected to a minor 
extent. The autonomic innervation is thus not a prerequisite for the 
maintenance of clock gene rhythms in the liver, and clock gene 
rhythms are not sufficient to drive the plasma glucose rhythm [66,96]. 
More precise roles for the core clock genes in hepatic glucose 
metabolism have been clearly shown using tissue specific clock KOs. 
Liver-specific Bmal1 disruption in mice increases glucose tolerance, 
with normal insulin production and normal body fat content [97], 
whereas a liver-specific Cry KO inhibits glucagon-induced gluconeo- 
genesis and overexpression of Cry protein in the liver of diabetic db/db 
mice improves glucose tolerance [98]. CRY1 has been found to form a 
complex with GR in hepatocytes and to subsequently repress tran- 
scription of phosphoenol pyruvate kinase (PEPCK; [26]). 
Thus, a liver-specific KO of the molecular clock mechanism seems to 
result in impaired glycogenesis and therefore, probably, in reduced 
hepatic glucose production and increased glucose tolerance. 

5. THE MUSCLE CLOCK 

Daily rhythms have been well documented, also in skeletal muscle, 
where over 200 genes exhibit a rhythmic pattern of expression 
[99,100]. Moreover, clock gene disruption may seriously affect muscle 
function [101]. Rev-Erba is highly expressed in oxidative skeletal 
muscle and its elimination leads to profound mitochondrial dysfunction 
in muscle tissue [1 02]. A deficiency in Rev-Erba might therefore have 
an impact on glucose metabolism because skeletal muscle is the 



major site for glucose uptake in the organism, i.e., after a meal >80% 
of the glucose is taken up by muscle tissue. Although the effects of a 
muscle-specific clock gene knock-out on glucose homeostasis have 
not been studied, two distinct mouse models have been generated in 
which the circadian clock mechanism has been disrupted in a 
cardiomyocyte-specific manner. These models each targeted a 
different critical clock component: CLOCK and BMAL1 [103,104]. In 
contrast to the whole animal CLOCK and BIVIALI KO models the 
cardiac-specific animals display normal behavioral and neurohumoral 
rhythms. Note that systemic glucose metabolism appears to be normal 
despite clear changes in glycolysis, glycogen synthesis and glucose 
oxidation rhythms in the KO hearts [1 04]. 
In conclusion, although muscle tissue is an important player in glucose 
metabolism, skeletal muscle-specific clock KOs have not yet been 
produced and the potential implication of disturbed muscle clocks for 
the effects of circadian desynchronization on glucose metabolism re- 
mains to be determined. 

6. THE ADIPOSE TISSUE CLOCK 

Although originally considered to be an inert tissue serving as a fat 
depot, adipose tissue is now widely recognized as an important 
endocrine organ. The adipokines (cytokines secreted by the adipose 
tissues) play crucial roles in controlling various physiological events, 
including glucose and energy metabolism. Adipose tissue has a 
functional clock and expresses many genes in a circadian manner in a 
number of species, including humans [105-107]. These clocks are 
present in both the white adipose tissues (WAT, the predominant form 
of adipose tissue) and the brown adipose tissues (BAT, the major 
center for heat production) [108,109]. Several adipokines, such as 
leptin, adiponectin and visfatin, are also secreted in a circadian manner 
[110]. Leptin not only regulates satiety, but also stimulates energy 
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expenditure and increases insulin sensitivity. Plasma levels of leptin 
and adiponectin show opposite patterns in their daily rhythms 
[111,112]. In rodents the diurnal rhythm in leptin levels is dependent 
on an intact SCN [113]. Although it is likely that disorders in the 
circadian rhythmicity of adipokines may promote whole-body insulin 
resistance, solid evidence is lacking so far. Per2null mice show a lean 
phenotype with strong reductions in adipose tissue mass and plasma 
lipid levels [23]. Although these mice represent a whole-body KO, the 
phenotype seems to be mainly dependent on a tissue specific effect of 
Per2 deletion on PPARgamma activity in the white adipose tissue, as 
these animals show normal food intake and no obvious disturbances in 
locomotor or SCN activity rhythms. However, the pronounced effects of 
the Per2 KO on white [23] and brown [114] adipose tissue metabolism 
do not seem to be responsible for the changes in glucose metabolism, 
but more so its effects on pancreas and liver [21,22]. On the other 
hand, adipocyte-specific KO of Bmal1 leads to obesity, which confirms 
the crucial role of the adipose tissue clock in metabolic homeostasis 
[115]. The Bmal1 KO animals display increased food consumption 
during the daytime, suggesting an effect on feeding behavior controlled 
by the central nervous system. Increased daytime food intake is a 
behavior that has been linked to an increase in body weight. Thus, 
disruption of the circadian clock in the adipose tissue can alter the 
hypothalamic control of feeding behavior and cause obesity; although 
some caution is necessary since adipocyte protein 2 (aP2) (the pro- 
moter used to make an adipocyte-specific deletion of Bmal1) is also 
expressed in the brain, including the hypothalamus. On the other hand, 
when measuring clock gene rhythms in human white adipose tissue 
biopsies no significant effects of increased body weight or type 2 
diabetes on rhythmic gene expression were found [106]. 
Coiled-coil domain containing 80 (Ccdc80) is a secreted protein highly 
enriched in mouse and human WAT and plays an important role during 
adipocyte differentiation in vitro. Mice lacking CcdcBO show increased 
sensitivity to diet-induced hyperglycemia and glucose intolerance while 
displaying reduced glucose-stimulated insulin secretion in vivo. Gene 
expression analysis by microarray revealed that CcdcBO might play a 
role in fine-tuning the expression of some circadian clock components in 
peripheral tissues. In all tissues examined expression of the core clock 
member Arntl/Bmal1 was reduced whereas that of the oscillating 
transcription factors Dbp and Tef was increased. Furthermore, knock- 
down of CcdcBO in 3T3-L1 cells led to an increase of Dbp mRNA levels 
during adipocyte differentiation, suggesting that CcdcBO might be 
involved in the regulation of this gene in a cell-autonomous manner 
[116]. However, despite its high expression in WAT and its clear effects 
on clock gene expression it is still very well possible that the metabolic 
phenotype of the KO is driven by the absence of CcdcBO from other 
tissues and independent from its effect on clock gene expression. 
In conclusion, although the changes in feeding behavior also resulted in 
changes in the glucose rhythm, no profound changes in hepatic glucose 
production, glucose tolerance or insulin sensitivity were found. Thus 
whole body Bmal1 KO and liver-specific Bmai1 KO, but not adipocyte- 
specific Bmall KO, causes increased insulin sensitivity [16,97]. 

7. THE PANCREATIC CLOCK 

Insulin and glucagon secretion by the pancreatic islet cells are endocrine 
signals vital for glucose homeostasis. Plasma glucose concentration dis- 
plays circadian variation, with the highest levels during the beginning of the 
active phase. Since feeding induces insulin secretion, plasma insulin levels 
follow the daily rhythm in food intake and may show a daily rhythm as well. 
On the other hand, autonomous circadian rhythms have been observed in 
mouse and human pancreatic islet cells [117-119]. This notion 



underscores the presence of a circadian control over pancreatic function. 
Indeed, glucose-stimulated insulin release appears to be dependent on a 
functional clock. Islets from C/oc/c mutant mice or Bmair'~ mice display 
drastic reduction in glucose-induced insulin secretion. In addition, C/oc/c 
mutants, as well as Bmall mutants, show impaired glucose tolerance, 
reduced insulin secretion and defects in size and proliferation of pancreatic 
islets, symptoms which worsen with age [17]. It was shown that Clock 
disruption alters expression of islet genes involved in growth, survival and 
synaptic vesicle assembly. Therefore, additional studies sought to un- 
derstand the specific role of a pancreatic clock in vivo. To do so, three 
research groups went on to target Sma// specifically in the pancreas 
[17,120] or in the beta-cells [121] and indeed showed that conditional 
ablation of the pancreatic clock causes diabetes mellitus type 2 due to 
defective 3-cell function. These mice display elevated glucose levels, 
impaired glucose tolerance and decreased insulin secretion. Interestingly, 
the insulin content in the islets from the KO mice was similar to that of the 
islets from the wild type mice, suggesting that insulin secretion, but not 
synthesis, was defective in the mutant animals. In addition, it was shown 
that also REV-ERBa down-regulation by moderately interfering RNA 
treatment in islet cells and IVIIN-6 cells impaired glucose-induced insulin 
secretion [122]. In contrast to the hypoinsulinemic phenotype observed 
when knocking down Bmai or C/oc/c, down-regulation of Per or Cry 
expression results in the opposite phenotype. Per2K0s show an enhanced 
glucose-stimulated insulin secretion and reduced insulin clearance [22] 
and C/y double KO mice are hyperinsulinemic [28]. 
In conclusion, the major effect of disturbed clock mechanisms in the 
endocrine beta-cells seems to be an impaired insulin release, which, of 
course, ultimately will result in hyperglycemia [123,124]. On the other 
hand, recently it was shown that disturbing the clock in the glucagon 
producing alpha-cells resulted in a decreased glucagon release [125]. 
Thus in a desynchronized pancreas the hyperglycemic effect of 
reduced insulin release might be partly compensated for by the 
reduced release of glucagon. 

8. CLOCK GENES IN HUMANS 

Interestingly, genetic variation of circadian genes in humans is 
correlated with glucose homeostasis, in line with the aforementioned 
animal experimental data. A study of polymorphisms in the C/oc/c and 
Bmall gene in humans revealed that the molecular clock may play a 
role in the susceptibility for obesity and type 2 diabetes, whereas 
polymorphisms in the Npas2 and Per2 gene have been linked to high 
fasting glucose levels [126-129]. Moreover, a genomic-association 
study in non-diabetic participants indicated that CRY2 gene variants 
are associated with glucose levels [130,131]. Furthermore, carriers of 
specific CLOCK SNPs display lower glucose levels and improved insulin 
sensitivity when on a particular diet [1 32,1 33]. On the other hand, Rev- 
erba gene polymorphisms seem to modulate adiposity, but not plasma 
glucose or insulin levels [134]. Interestingly, also mutations in the 
melatonin receptor, highly expressed in the SCN, but also in many 
peripheral tissues, have been linked to an increased risk of type 2 
diabetes [135-137]. 

However, the strongest evidence linking circadian disruption and type 
2 diabetes, comes from epidemiological studies consistently showing 
an increased risk for type 2 diabetes in shift workers [13B-140]. 
These findings are supported by additional epidemiological studies 
showing that also individuals with deficient or disrupted sleep exhibit 
an increased risk for type 2 diabetes [141-143]. Moreover, a number 
of laboratory studies examining the impact of circadian and/or sleep 
disruption on glucose homeostasis under controlled conditions, sup- 
port the above mentioned epidemiological findings [144-147]. 
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9. CONCLUSION 

Endocrine rhythms play a key role in almost every aspect of our life. 
Disruption of the circadian clock, because of shift-work or bad sleeping 
habits, can cause severe disturbances in these rhythms [146]. The 
resulting hormonal dysfunctions may lead to metabolic diseases such as 
diabetes and obesity, partly via effects on glucose homeostasis. The 
observations in whole body circadian gene KO animals were key in 
raising this awareness, but were unable to distinguish the contribution 
of separate tissues. Therefore, studies in tissue-specific KO models for 
the different clock genes were urgently needed to elucidate further the 
diverse roles of the circadian clock in whole body glucose metabolism. 
The first evidence until now supports a role for pancreatic clock genes in 
the development of type 2 diabetes via their role in insulin release, and 
for liver clock genes in the control of glucose tolerance through their 
effect on hepatic gluconeogenesis. Adipocyte clock genes, on the other 
hand, do not seem to affect glucose homeostasis directly, but may have 
a more indirect effect by affecting the appetite regulatory centers in the 
hypothalamus, probably via changes in the daily rhythms of adipokine 
release or plasma free fatty acid concentrations. For the muscle clock 
genes no clear effects on glucose metabolism have been shown so far. 
These first results from the tissue-specific KO animals indicate that the 
complete picture may be even more complex than initially thought, as in 
the whole body KO models some effects of the loss of clock gene function 
may have been masked by opposing effects in different tissues. For 
instance, the hyperglycemia observed in the whole body KO animals may 
be due primarily to a reduced insulin release and not so much to insulin 
resistance. In fact, many KO animals are insulin sensitive at a young age 
and the insulin resistance is probably secondary to the increased obesity 
instead of a direct effect of clock genes on insulin sensitivity. 
Moreover, shift-work is generally seen as a mismatch between the light- 
sensitive central pacemaker in the SON and the energy-sensitive pe- 
ripheral oscillators, but also here things may be more complex than 
initially thought. The major part of the metabolic work in chronobiology 
has focussed on the liver and, indeed, unlike the SON many rhythms in 
the liver show a rapid phase-shift when the timing of food availability is 
shifted. However, not all organs and tissues adaptto a new feeding time 
with the same speed and magnitude as the liver [148-150]. Clearly a 
differential shift of metabolically important organs such as liver and 
muscle might also have profound effects on glucose metabolism [1 51). 
In conclusion, a better insight in the tissue specific effects of clock 
gene disturbances is of utmost importance, but in the end only inte- 
grative physiological studies in the whole animal/human will be able to 
provide a complete understanding of the desynchronizing effects of our 
today's society on glucose and energy metabolism. 

NOTE ADDED IN PROOF 

After submission of our manuscript we became aware of a recent study in which 
glucose metabolism was studied in a muscle-specific Bmall KO [1 53]. These animais 
showed reduced protein ieveis of GLLIT4 and an Impaired insulin-stimuiated glucose 
uptal<e in their muscles. 
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